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  Lindy	  Rauscher	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  of	  Nebraska,	  2012	  Advisor:	  	  Dr.	  Steve	  Comfort	  	  	   Polycyclic	  aromatic	  hydrocarbons	  (PAHs)	  are	  produced	  from	  the	  incomplete	  combustion	  of	  organic	  matter,	  such	  as	  coal	  other	  fossil	  fuels.	  	  PAHs	  are	  nonpolar	  compounds	  that	  adsorb	  to	  soil	  organic	  matter	  and	  fatty	  tissues.	  	  They	  are	  persistent	  in	  soils	  and	  have	  been	  shown	  to	  cause	  cancer	  and	  birth	  defects	  in	  small	  mammals.	  	  The	  United	  States	  Environmental	  Protection	  Agency	  has	  listed	  16	  PAHs	  as	  priority	  chemicals	  because	  of	  their	  carcinogenic	  potential.	  	  In	  order	  to	  protect	  human	  health,	  it	  is	  necessary	  to	  remediate	  these	  PAHs.	  	  The	  objective	  of	  my	  research	  is	  to	  quantify	  the	  efficacy	  of	  slow-­‐release	  permanganate	  to	  remediate	  PAHs.	  	  I	  hypothesize	  that	  PAHs	  can	  be	  oxidatively	  degraded	  by	  slow-­‐release	  permanganate	  and	  that	  mineralization	  will	  occur	  through	  bioremediation.	  	  To	  do	  this,	  I	  produced	  slow-­‐release	  permangnate	  candles	  that	  were	  applied	  to	  bench	  scale	  batch	  and	  volatilization-­‐controlled	  syringe	  experiments.	  	  A	  batch	  bioremediation	  experiment	  was	  then	  conducted	  to	  quantify	  the	  cumulative	  mineralization	  of	  phenanthrene.	  	  The	  batch	  experiments	  focused	  on	  phenanthrene	  and	  the	  syringe	  experiments	  expanded	  this	  focus	  to	  include	  pyrene	  and	  benzo(a)pyrene.	  	  Results	  showed	  that	  slow-­‐release	  permanganate	  candles	  degrade	  PAHs	  to	  soluble	  intermediate	  degradation	  products.	  	  The	  intermediate	  degradates	  are	  mineralized	  by	  native	  soil	  microorganisms	  in	  an	  aerobic	  environment.	  	  Effective	  remediation	  of	  PAHs	  can	  be	  achieved	  using	  slow-­‐release	  permanganate,	  followed	  by	  bioremediation.	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Introduction	  and	  Literature	  Review	  	   Polycyclic	  aromatic	  hydrocarbons	  (PAHs)	  are	  a	  class	  of	  chemical	  compounds	  that	  are	  produced	  naturally	  and	  from	  many	  manufacturing	  processes	  (U.S.	  EPA,	  2008).	  	  Anthropogenic	  PAHs	  are	  produced	  from	  the	  incomplete	  combustion	  of	  organic	  matter	  (Sudip	  et	  al.,	  2001).	  	  Some	  of	  the	  processes	  that	  produce	  PAHs	  are	  oil	  processing	  and	  wood	  treatment	  (Viamajala	  et	  al.,	  2007),	  garbage	  incineration	  (U.S.	  EPA,	  2008),	  and	  coal	  combustion	  (Guijian	  et	  al.,	  2008).	  	  	  PAHs	  have	  a	  hydrophobic	  characteristic	  that	  results	  in	  accumulation	  in	  soil	  organic	  matter	  (Souza	  e	  Silva	  et	  al.,	  2009)	  and	  fatty	  tissues	  in	  numerous	  organisms,	  including	  humans	  (U.S.	  EPA,	  2008).	  	  The	  PAHs	  in	  soil	  organic	  matter	  can	  enter	  groundwater	  as	  a	  contaminant	  in	  the	  drinking	  and	  irrigation	  water	  supply	  (Souza	  e	  Silva	  et	  al.,	  2009).	  	  Sorption	  to	  soil	  organic	  matter	  limits	  the	  availability	  of	  the	  PAH	  as	  an	  energy	  source	  for	  natural	  soil	  bacteria.	  	  Laboratory	  studies	  have	  shown	  that	  PAHs	  can	  cause	  cancer,	  reproductive	  health	  problems,	  and	  birth	  defects	  in	  mice	  (U.S.	  EPA,	  2008).	  	  Guijian	  et	  al.	  (2008)	  suggest	  that	  PAH	  exposure	  leads	  to	  cancer	  and	  birth	  defects	  because	  the	  transformed	  PAH	  products	  can	  easily	  bond	  to	  cellular	  molecules.	  	  Because	  of	  the	  carcinogenic	  and	  mutagenic	  potential	  of	  PAHs,	  the	  United	  States	  Environmental	  Protection	  Agency	  has	  listed	  PAHs	  as	  Priority	  Chemicals	  (U.S.	  EPA,	  2008).	  	   Remediation	  of	  PAH	  contaminated	  water	  and	  soils	  is	  necessary	  to	  prevent	  the	  development	  of	  cancer	  and	  birth	  defects	  from	  exposure	  to	  PAHs.	  	  Remediation	  can	  be	  accomplished	  in	  several	  ways.	  	  Advanced	  oxidative	  processes	  are	  capable	  of	  chemically	  degrading	  persistent	  and	  sorbed	  compounds	  and	  include	  treatment	  with	  Fenton’s	  reagent,	  ozone,	  potassium	  persulfate,	  or	  potassium	  permanganate	  (Souza	  e	  Silva	  et	  al.,	  2009).	  	  Permanganate	  has	  also	  been	  used	  to	  treat	  PAH	  contaminated	  drinking	  water	  (Guan	  et	  al.,	  2010).	  Permanganate	  is	  a	  favored	  oxidative	  treatment	  because	  it	  has	  a	  high	  standard	  oxidation	  potential	  (1.7V),	  is	  effective	  across	  a	  wide	  pH	  range,	  is	  inexpensive,	  stable,	  does	  not	  produce	  halogenated	  degradation	  products,	  and	  is	  efficient	  in	  attacking	  carbon	  double	  bonds	  of	  the	  PAH	  structure	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(Guan	  et	  al.,	  2010).	  	  Ferrarese	  et	  al.	  (2007)	  compared	  several	  oxidation	  methods	  in	  previously	  PAH	  contaminated	  soil	  with	  varying	  concentrations	  of	  oxidant	  and	  found	  that	  both	  Fenton’s	  reagent	  and	  potassium	  permanganate	  were	  more	  effective	  at	  degrading	  the	  PAHs	  than	  persulfate,	  all	  at	  high	  oxidant	  concentrations.	  	   Brown	  et	  al.	  (2003)	  added	  PAHs	  to	  soil	  and	  then	  treated	  the	  soil	  with	  a	  permanganate	  solution	  and	  found	  that	  PAH	  oxidation	  occurs	  and	  is	  based	  on	  aromatic	  structure	  of	  each	  PAH.	  	  Brown	  et	  al.	  (2003)	  also	  found	  that	  permanganate	  cannot	  mineralize	  PAHs	  to	  water	  (H2O)	  and	  carbon	  dioxide	  (CO2),	  but	  that	  the	  PAHs	  are	  degraded	  enough	  that	  the	  degradates	  will	  have	  a	  greater	  solubility,	  which	  make	  them	  more	  available	  to	  biological	  mineralization.	  	  Souza	  e	  Silva	  et	  al.	  (2009)	  found	  that	  permanganate	  can	  reduce	  PAH	  concentrations	  in	  contaminated	  soil	  and	  that	  higher	  molecular	  weight	  PAHs	  were	  more	  difficult	  to	  degrade.	  	  Forsey	  et	  al.	  (2010)	  found	  that	  oxidation	  of	  PAHs	  by	  permanganate	  occurs	  quickly	  and	  found	  a	  parallel	  relationship	  between	  the	  stability	  of	  the	  degradation	  product	  and	  the	  speed	  of	  the	  reaction.	  	  Guan	  et	  al.	  (2010)	  explain	  that	  the	  interaction	  of	  permanganate	  ion	  (MnO4-­‐)	  with	  the	  carbon	  double	  bonds	  of	  PAHs	  degrades	  the	  original	  compound	  to	  benzoic	  acids,	  aldehydes,	  alcohols,	  and	  ketones	  of	  many	  varieties.	  	  Figure	  1.	  
	  	  	  	  	  	  	  	  	  	  	  	   	  Figure	  1.	  	  Proposed	  degradation	  reaction	  of	  PAHs	  with	  permanganate.	  	   Brown	  et	  al.	  (2003)	  also	  indicated	  that	  permanganate	  can	  be	  applied	  as	  an	  oxidative	  treatment	  for	  PAH	  contaminated	  soils	  via	  in-­‐situ	  or	  ex-­‐situ	  methods	  in	  which	  the	  contaminated	  soil	  is	  treated	  by	  applying	  the	  oxidant	  directly	  or	  applying	  the	  oxidant	  after	  physical	  removal	  of	  the	  contaminated	  soil	  to	  a	  secondary	  site.	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   In-­‐situ	  chemical	  oxidation	  more	  typically	  involves	  the	  injection	  of	  liquid	  contaminants,	  which	  quickly	  loads	  a	  contaminated	  zone	  with	  oxidant.	  	  The	  oxidant	  is	  available	  for	  oxidation	  of	  contaminants	  in	  solution.	  	  One	  problem	  with	  using	  liquid	  oxidants	  is	  that	  they	  do	  not	  always	  remain	  in	  the	  soil.	  	  Especially	  in	  finer	  textured	  soils,	  the	  liquid	  oxidant	  often	  comes	  out	  of	  the	  injection	  hole	  because	  that	  is	  the	  easiest	  flow	  path	  (Kambhu	  Na	  Ayudhya,	  2011).	  	  Persistent	  contaminants,	  like	  PAHs,	  are	  sorbed	  to	  the	  soil	  organic	  matter	  and	  are	  not	  present	  in	  the	  soil-­‐water	  solution	  for	  liquid	  oxidants	  to	  react	  with.	  	  In	  order	  to	  remediate	  strongly	  sorbed	  compounds,	  the	  oxidant	  needs	  to	  be	  continuously	  available.	  	  This	  can	  be	  achieved	  by	  repeatedly	  injecting	  liquid	  oxidant	  or	  depositing	  slow-­‐release	  oxidant	  treatments	  into	  the	  contaminated	  zone	  via	  direct	  insertion	  into	  the	  subsurface	  or	  placement	  in	  permanent	  wells	  (Kambhu	  Na	  Ayudhya,	  2011).	  	  A	  slow-­‐release	  treatment	  could	  be	  suspended	  in	  a	  contaminated	  water	  holding	  tank	  or	  arrayed	  as	  a	  groundwater	  flow	  interception	  barrier	  that	  treats	  the	  contaminant	  as	  it	  flows	  past	  the	  barrier.	  Christenson	  (2011)	  explains	  that	  in-­‐situ	  chemical	  oxidation	  is	  useful	  when	  the	  contaminant	  being	  treated	  is	  located	  in	  a	  low	  permeability	  media.	  	  A	  low	  permeability	  media	  will	  be	  characterized	  by	  minimal	  water	  flow	  through	  the	  media,	  which	  can	  limit	  the	  spread	  of	  the	  contaminant	  and	  the	  oxidizing	  treatment.	  	  Because	  a	  strongly	  sorbed	  contaminant,	  like	  PAHs,	  will	  only	  enter	  into	  solution	  where	  they	  can	  be	  oxidized	  by	  permanganate	  slowly,	  it	  is	  impractical	  to	  use	  an	  in-­‐situ	  application	  method	  that	  is	  rapid	  and	  discontinuous;	  this	  is	  why	  a	  slow-­‐release	  in-­‐situ	  chemical	  oxidation	  method	  is	  appropriate	  to	  treat	  PAHs	  (Christenson,	  2011).	  	  	  In	  order	  for	  permanganate	  to	  be	  released	  slowly	  into	  the	  contaminated	  environment,	  the	  permanganate	  needs	  to	  have	  its	  diffusion	  physically	  or	  chemically	  impeded.	  	  This	  can	  be	  achieved	  with	  a	  paraffin	  wax	  matrix	  in	  which	  the	  permanganate	  is	  present	  (Christenson,	  2011).	  	  Paraffin	  wax	  is	  an	  acceptable	  matrix	  for	  slow-­‐release	  in-­‐situ	  oxidation	  because	  it	  is	  easy	  to	  handle,	  is	  inexpensive,	  has	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solubility	  characteristics	  that	  impede	  permanganate	  diffusion	  out	  of	  the	  wax	  and	  encourage	  adsorption	  to	  the	  wax,	  and	  is	  biodegradable	  (Christenson,	  2011).	  	  Slow-­‐release	  of	  permanganate	  in	  a	  wax	  matrix	  is	  only	  achieved	  following	  an	  initial	  rapid-­‐release	  phase	  as	  the	  permanganate	  closest	  to	  the	  wax-­‐soil-­‐water	  interface	  diffuses	  out	  of	  the	  wax	  quickly	  (Christenson,	  2011).	  	  Once	  PAH	  degradation	  by	  permanganate	  has	  occurred,	  the	  more	  soluble	  degradation	  products	  can	  be	  bioremediated	  by	  natural	  soil	  bacteria	  (Viamajala	  et	  al.,	  2007).	  	  Figure	  2.	  	  Viamajala	  et	  al.	  (2007)	  found	  that	  biodegradation	  of	  PAHs	  is	  improved	  when	  the	  temperature	  of	  the	  soil	  environment	  is	  higher	  because	  increased	  temperature	  influences	  the	  solubility	  of	  PAHs	  so	  that	  they	  become	  more	  bioavailable.	  
	  Figure	  2.	  	  Bioremediation	  mineralization	  process	  
Research	  Objective	  and	  Hypotheses	  	   The	  objective	  of	  my	  study	  is	  to	  quantify	  the	  efficacy	  of	  slow-­‐release	  permanganate	  to	  degrade	  and	  mineralize	  PAHs.	  	  I	  hypothesize	  that	  PAHs	  can	  be	  degraded	  by	  slow-­‐release	  permanganate	  in	  water,	  but	  not	  totally	  mineralized.	  	  Further,	  I	  hypothesize	  that	  mineralization	  of	  PAHs	  will	  be	  achieved	  through	  bioremediation	  following	  degradation	  by	  slow-­‐release	  permanganate.	  	  I	  do	  not	  intend	  to	  identify	  the	  PAH	  degradation	  products,	  because	  they	  are	  too	  numerous	  to	  quantify	  affordably.	  	  I	  do	  intend	  to	  focus	  my	  study	  on	  specific	  and	  relevant	  PAHs	  that	  are	  quantifiable	  and	  of	  particularly	  valuable	  enquiry	  for	  their	  carcinogenic	  side	  effects.	  	  I	  will	  investigate	  these	  objectives	  on	  a	  bench	  scale.	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Materials	  and	  Methods	  1.	  	  Chemicals	  Used	  	   All	  chemicals	  used	  in	  my	  experiments	  were	  used	  as	  provided	  by	  Sigma-­‐	  Aldrich.	  	  The	  mobile	  phase	  organic	  solvents,	  methanol	  and	  acetonitrile,	  were	  reaction	  grade.	  	  The	  ultra	  pure	  water	  used	  was	  prepared	  in	  the	  laboratory	  with	  a	  xxxxx.	  	  The	  paraffin	  wax	  used	  was	  supplied	  by	  Peak	  Candle	  Supply-­‐IGI	  1343A.	  2.	  	  Candle	  Preparation	  	   Slow-­‐release	  permanganate	  candles	  were	  produced	  for	  laboratory	  experiments	  to	  a	  ratio	  of	  4.6:	  1	  potassium	  permanganate	  to	  paraffin	  wax,	  on	  a	  mass	  basis	  that	  included	  23	  g	  potassium	  permanganate	  (KMnO4)	  and	  5	  g	  paraffin	  wax.	  	  The	  paraffin	  wax	  was	  melted	  in	  an	  aluminum	  weighing	  tin	  on	  a	  Fisher	  Scientific	  Isotemp	  hot	  plate	  at	  95*C.	  	  Then	  the	  potassium	  permanganate	  was	  added	  to	  the	  melted	  wax	  with	  a	  small	  spatula,	  creating	  a	  milkshake	  consistency.	  	  The	  wax	  mixture	  was	  then	  poured	  into	  a	  plastic	  mold,	  being	  sure	  to	  eliminate	  any	  air	  pockets	  by	  gently	  tapping	  the	  mold	  on	  the	  counter.	  	  The	  candles	  were	  allowed	  to	  cool	  and	  were	  removed	  from	  the	  mold.	  	  The	  candles	  measured	  0.71	  cm	  in	  diameter	  by	  2.38	  cm	  in	  length.	  	  If	  the	  candles	  showed	  air	  pockets	  or	  broke	  upon	  removal,	  they	  were	  re-­‐melted	  and	  poured	  again.	  	   When	  plain	  paraffin	  wax	  candles	  were	  needed,	  they	  were	  produced	  in	  the	  same	  manner	  as	  the	  permanganate	  candles	  except	  that	  potassium	  permanganate	  was	  not	  added	  to	  the	  melted	  wax.	  	  The	  plain	  wax	  candles	  were	  made	  in	  the	  same	  mold	  and	  had	  the	  same	  dimensions	  as	  the	  permanganate	  candles.	  3.	  	  Chemical	  Analysis	  High	  Performance	  Liquid	  Chromatography	  Analysis	  	   Analysis	  of	  PAH	  concentration	  remaining	  in	  solution	  was	  conducted	  on	  a	  Shimadzu	  high	  performance	  liquid	  chromatograph	  (HPLC).	  	  The	  batch	  experiments	  used	  an	  80%	  methanol	  mobile	  phase	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with	  ultra	  pure	  water	  for	  isocratic	  elution.	  	  All	  mobile	  phase	  solutions	  were	  filtered	  and	  degassed	  prior	  to	  use.	  	  A	  Shimadzu	  Premier	  C18	  column	  was	  used	  for	  analysis	  of	  phenanthrene	  in	  batch	  experiments.	  	  Blanks	  were	  processed	  immediately	  before	  the	  samples	  to	  ensure	  that	  there	  were	  no	  background	  peaks.	  	  An	  injection	  volume	  of	  20	  uL	  was	  used	  and	  was	  analyzed	  at	  a	  flow	  rate	  of	  1	  mL/min	  for	  20	  min.	  	  Phenanthrene	  was	  detected	  at	  254	  nm	  and	  concentrations	  in	  solution	  were	  determined	  by	  comparison	  to	  a	  phenanthrene	  standard	  calibration	  curve	  analyzed	  with	  each	  processing	  cycle.	  	  Phenanthrene	  standard	  calibration	  curves	  were	  consistent,	  ensuring	  that	  the	  HPLC	  method	  and	  sample	  preparation	  were	  consistent	  and	  appropriate.	  	  The	  HPLC	  software	  generated	  a	  single	  peak	  representing	  the	  phenanthrene	  concentration	  and	  the	  peak	  area	  was	  used	  as	  the	  input	  into	  the	  calibration	  equation	  to	  calculate	  the	  concentration	  of	  phenanthrene	  in	  that	  sample.	  	   Analysis	  of	  syringe	  experiments	  samples	  required	  a	  different	  HPLC	  method	  because	  of	  the	  number	  of	  PAHs	  in	  solution,	  the	  solubility	  of	  each	  PAH,	  and	  the	  sensitivity	  of	  the	  HPLC	  equipment.	  	  The	  analytical	  method	  used	  is	  modified	  from	  EPA	  method	  610	  for	  detection	  of	  PAHs	  in	  municipal	  and	  wastewater.	  	  A	  gradient	  elution	  was	  used.	  	  The	  mobile	  phase	  consisted	  of	  100%	  ultra	  pure	  water	  in	  line	  A	  and	  100%	  acetonitrile	  in	  line	  B.	  	  The	  ultra	  pure	  water	  and	  acetonitrile	  were	  filtered	  and	  degassed	  prior	  to	  use.	  	  An	  injection	  of	  20	  uL	  was	  used	  and	  analyzed	  at	  a	  flow	  rate	  of	  1	  mL/min	  for	  50	  min.	  	  The	  gradient	  elution	  involved	  an	  increase	  in	  acetonitrile	  from	  70%	  to	  100%	  in	  the	  first	  25	  min,	  which	  was	  maintained	  for	  the	  next	  20	  min.	  	  At	  45	  min	  the	  gradient	  elution	  decreased	  to	  70%	  acetonitrile	  again	  in	  2	  min	  and	  this	  concentration	  was	  maintained	  after	  47	  min.	  	  A	  blank	  was	  processed	  before	  the	  PAH	  samples	  to	  eliminate	  any	  background	  interference.	  	  A	  Thermo	  Scientific	  Hypersil	  Green	  PAH	  column	  was	  used.	  	  Fluorescence	  and	  ultraviolet	  detection	  was	  used	  with	  an	  excitation	  wavelength	  of	  220	  nm	  and	  an	  emission	  wavelength	  of	  400	  nm.	  	  Fluorescence	  data	  was	  used	  to	  determine	  the	  concentration	  of	  each	  PAH	  in	  solution	  by	  comparing	  the	  peak	  area	  values	  with	  the	  standard	  calibration	  curve	  equations	  generated	  for	  each	  PAH	  in	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solution.	  	  The	  calibration	  standards	  of	  the	  PAH	  solution	  were	  processed	  with	  each	  set	  of	  samples	  from	  the	  syringe	  experiment.	  	  Phenanthrene	  eluted	  at	  12	  min,	  pyrene	  at	  15	  min,	  and	  benzo(a)pyrene	  at	  32	  min	  approximately.	  Liquid	  Scintillation	  Counter	  Analysis	  	   All	  14C-­‐phenanthrene	  samples	  collected	  were	  analyzed	  on	  a	  Packard	  1900TR	  liquid	  scintillation	  analyzer.	  	  All	  samples	  were	  mixed	  on	  a	  Touch	  Mixer	  Model	  232	  Variable	  Speed	  at	  speed	  8	  for	  30	  seconds.	  	  After	  mixing,	  the	  samples	  were	  allowed	  to	  settle	  for	  24	  hours	  until	  the	  liquid	  was	  clear.	  	  A	  blank	  consisting	  of	  5	  mL	  Ultima	  Gold	  liquid	  scintillation	  cocktail	  was	  analyzed	  prior	  to	  the	  samples.	  	  The	  dpm	  values	  were	  used	  to	  quantify	  the	  amount	  of	  14C	  in	  solution.	  	  The	  dpm	  values	  represent	  dpm/mL	  solution,	  so	  the	  14C	  activity	  needed	  to	  be	  multiplied	  by	  the	  volume	  of	  solution	  that	  was	  present	  at	  each	  sampling	  time	  to	  quantify	  how	  much	  14C	  was	  present	  in	  the	  entire	  solution.	  Ultraviolet	  Spectrophotometer	  Analysis	  	   Permanganate	  concentration	  in	  solution	  was	  measured	  with	  a	  Hach	  DR2800	  UV	  spectrophotometer.	  	  Permanganate	  concentration	  was	  analyzed	  at	  525	  nm.	  	  The	  samples	  were	  diluted,	  so	  each	  mg/L	  reading	  needed	  to	  be	  multiplied	  by	  a	  dilution	  factor.	  	  These	  adjusted	  permanganate	  concentrations	  represent	  how	  much	  permanganate	  is	  in	  solution	  as	  it	  diffuses	  out	  of	  the	  paraffin	  wax	  matrix.	  4.	  	  PAH	  degradation	  by	  Permanganate	  Batch	  Experiments	  with	  Phenanthrene	  Degradation	  by	  Permanganate	  Solution	  	   The	  initial	  batch	  experiment	  conducted	  involved	  treating	  a	  1000	  ug/L	  solution	  of	  phenanthrene	  with	  permanganate	  solution	  to	  approximate	  the	  time	  of	  degradation	  that	  can	  be	  expected.	  	  To	  do	  this,	  three	  concentrations	  of	  permanganate	  solution	  were	  used	  to	  show	  how	  increasing	  permanganate	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concentration	  changes	  the	  rate	  of	  phenanthrene	  degradation.	  	  A	  phenanthrene	  solution	  of	  1000	  ug/L	  was	  prepared	  from	  a	  stock	  solution	  of	  100000	  ug/L	  phenanthrene	  in	  methanol.	  	  This	  solution	  and	  all	  subsequent	  solutions	  were	  prepared	  based	  on	  the	  equation	  C1V1	  =	  C2V2,	  where	  C	  =	  concentration	  of	  chemical,	  V	  =	  volume	  of	  solution,	  and	  1	  and	  2	  indicate	  stock	  and	  experimental	  solutions,	  respectively.	  	  The	  calculation	  for	  this	  solution	  is	  shown	  below:	  V1	  x	  100000	  ug/L	  =	  2000	  mL	  x	  1000	  ug/L	  V1	  =	  20	  mL	  	   A	  solution	  of	  potassium	  permanganate	  was	  prepared	  to	  a	  concentration	  of	  30000	  mg/L	  using	  potassium	  permanganate	  salt	  and	  ultra	  pure	  water.	  	  This	  high	  concentration	  ensured	  that	  there	  would	  not	  be	  a	  lack	  of	  oxidant	  throughout	  the	  reaction.	  	  This	  initial	  experiment	  and	  all	  subsequent	  batch	  experiments	  were	  prepared	  in	  triplicate	  to	  generate	  a	  usable	  quantity	  of	  data.	  	  Each	  permanganate	  concentration	  and	  a	  control	  set	  were	  prepared	  in	  250-­‐mL	  flasks.	  	  Each	  flask	  received	  150	  mL	  of	  1000	  ug/L	  phenanthrene	  solution.	  	  The	  flasks	  were	  placed	  on	  a	  gyrotory	  shaker	  at	  a	  moderate	  speed	  to	  provide	  continuous	  mixing	  and	  covered	  with	  parafilm	  to	  prevent	  loss	  of	  solution	  from	  the	  shaking	  action,	  volatilization	  was	  not	  a	  concern	  for	  the	  batch	  experiments.	  	  The	  potassium	  permanganate	  solutions	  were	  “spiked”	  into	  each	  flask	  using	  a	  1-­‐mL	  Eppendorf	  100-­‐1000uL	  autopipet	  to	  create	  three	  oxidant	  conditions	  at	  100000	  ug/L,	  250000	  ug/L,	  and	  500000	  ug/L	  permanganate.	  Condition	   Control	   100000	  ug/L	   250000	  ug/L	   500000	  ug/L	  “Spike”	  solution	   Ultra	  pure	  water	  
30000	  mg/L	  potassium	  permanganate	  
30000	  mg/L	  potassium	  permanganate	  
30000	  mg/L	  potassium	  permanganate	  “Spike”	  volume	   0.5	  mL	   0.5	  mL	   1.25	  mL	   2.5	  mL	  Table	  1.	  	  Variable	  permanganate	  concentration	  “spike”	  volumes.	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   Samples	  were	  collected	  for	  analysis	  by	  high	  performance	  liquid	  chromatography	  (HPLC)	  prior	  to	  “spiking”	  at	  t	  =	  0	  min,	  and	  then	  at	  10,	  20,	  40,	  60,	  90,	  120	  min,	  and	  36	  h.	  	  The	  samples	  consisted	  of	  0.7	  mL	  solution,	  0.7	  mL	  methanol,	  and	  20	  uL	  manganese	  sulfate	  (0.1	  g/L),	  or	  20	  uL	  ultra	  pure	  water	  for	  the	  control	  samples,	  placed	  in	  a	  1.5-­‐mL	  centrifuge	  vial;	  each	  HPLC	  sample	  collection	  followed	  this	  pattern	  in	  the	  batch	  experiments.	  	  Using	  ultra	  pure	  water	  instead	  of	  manganese	  sulfate	  maintained	  the	  dilution	  factor	  across	  all	  samples.	  	  Sample	  collection	  always	  maintained	  a	  ratio	  of	  50%	  experimental	  sample	  to	  50%	  organic	  solvent,	  methanol	  for	  phenanthrene	  batch	  experiments	  and	  acetonitrile	  for	  PAH	  syringe	  experiments.	  	  The	  manganese	  sulfate	  is	  necessary	  to	  “quench”,	  or	  stop	  the	  reaction.	  	  Methanol	  was	  used	  to	  keep	  the	  remaining	  phenanthrene	  in	  solution	  to	  be	  measured.	  	  The	  samples	  were	  centrifuged	  with	  an	  Eppendorf	  Centrifuge	  5415C	  for	  5	  min	  at	  14000	  revolutions	  per	  minute.	  	  The	  clear-­‐colored	  supernatant	  was	  placed	  in	  an	  HPLC	  vial	  and	  sealed	  for	  HPLC	  analysis.	  	  If	  a	  clear-­‐colored	  supernatant	  had	  not	  formed,	  the	  pink	  supernatant	  was	  placed	  in	  a	  new	  centrifuge	  vial	  and	  centrifuged	  again	  for	  5	  min.	  Effect	  of	  Washed	  and	  Unwashed	  Candles	  on	  Phenanthrene	  Degradation	  	   Once	  reaction	  time	  could	  be	  estimated,	  it	  was	  necessary	  to	  determine	  whether	  it	  would	  be	  better	  to	  use	  a	  freshly	  prepared	  permanganate	  candle	  or	  a	  washed	  candle.	  	  Again,	  a	  1000	  ug/L	  phenanthrene	  solution	  was	  prepared	  from	  stock	  solution	  and	  150	  mL	  were	  placed	  in	  250-­‐mL	  flasks	  on	  the	  gyrotory	  shaker,	  covered	  with	  parafilm.	  	  Permanganate	  candles	  were	  prepared	  and	  three	  were	  placed	  in	  100	  mL	  of	  ultra	  pure	  water	  for	  24	  h	  to	  “wash”	  the	  permanganate	  ions	  out	  of	  the	  outer	  layer	  of	  paraffin	  wax.	  	  Samples	  were	  collected	  at	  t	  =	  0	  min	  for	  HPLC	  analysis	  for	  each	  condition	  prior	  to	  adding	  the	  washed	  and	  unwashed	  permanganate	  candles	  to	  the	  1000	  ug/L	  phenanthrene	  solution.	  	  A	  sampling	  time	  sequence	  and	  procedure	  matching	  the	  previous	  batch	  experiment	  was	  followed.	  	  To	  quantify	  permanganate	  concentration,	  0.1	  mL	  samples	  were	  collected	  and	  placed	  in	  a	  vial	  with	  9.9	  mL	  ultra	  pure	  water	  and	  analyzed	  with	  a	  UV	  spectrophotometer	  at	  525	  nm.	  	  The	  same	  vial	  was	  used	  for	  all	  spectrophotometer	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samples	  to	  minimize	  data	  variability.	  	  The	  sample	  solution	  was	  rinsed	  out	  of	  the	  vial	  with	  ultra	  pure	  water	  and	  allowed	  to	  dry	  between	  sampling.	  Phenanthrene	  Adsorption	  to	  Permanganate	  Candles	  	   Because	  phenanthrene	  is	  a	  hydrophobic	  and	  nonpolar	  compound	  that	  sorbs	  to	  organic	  matter	  and	  other	  particles,	  it	  is	  possible	  that	  phenanthrene	  would	  adsorb	  to	  the	  wax	  matrix.	  	  To	  determine	  whether	  adsorption	  to	  the	  wax	  was	  occurring,	  another	  batch	  experiment	  was	  conducted.	  	  14C-­‐labeled	  phenanthrene	  was	  used	  in	  this	  batch	  experiment	  to	  differentiate	  between	  adsorption	  and	  degradation	  or	  mineralization.	  	  Due	  to	  the	  expense	  and	  limited	  supply	  of	  14C-­‐phenanthrene,	  a	  lower	  concentration	  was	  used.	  	  A	  500	  ug/L	  14C-­‐phenanthrene	  solution	  was	  prepared	  from	  100000	  ug/L	  phenanthrene	  stock	  solution	  and	  14C-­‐phenanthrene	  stock	  solution	  (200000	  dpm)	  in	  ultra	  pure	  water.	  	  The	  labeled	  phenanthrene	  had	  a	  concentration	  of	  8.88	  x	  10-­‐5	  dpm/mL.	  	  Each	  flask	  contained	  either	  a	  control	  solution,	  a	  plain	  wax	  candle,	  or	  a	  permanganate	  candle.	  	  Each	  25-­‐mL	  flask	  received	  25	  mL	  of	  500	  ug/L	  14C-­‐phenanthrene	  solution	  and	  was	  placed	  on	  the	  gyrotory	  shaker.	  	  Initial	  samples	  were	  collected	  for	  HPLC,	  liquid	  scintillation,	  and	  spectrophotometer	  analysis	  at	  t	  =	  0	  min.	  	  The	  plain	  wax	  and	  washed	  permanganate	  candles	  were	  then	  added	  to	  the	  flasks	  and	  each	  flask	  was	  covered	  with	  parafilm.	  	  Samples	  were	  then	  collected	  at	  30,	  60,	  90,	  120	  min,	  4,	  6,	  24,	  and	  48	  h.	  	  Smaller	  sample	  volumes	  were	  collected	  because	  of	  the	  smaller	  volume	  of	  solution	  in	  each	  flask.	  	  Sample	  volume	  was	  0.65	  mL	  added	  to	  0.65	  mL	  acetonitrile	  and	  20	  uL	  manganese	  sulfate.	  	  Samples	  were	  centrifuged	  for	  5	  min	  at	  14000	  revolutions	  per	  minute	  until	  a	  clear	  supernatant	  formed.	  	  To	  measure	  the	  amount	  of	  14C	  remaining	  in	  solution,	  samples	  were	  collected	  for	  analysis	  by	  liquid	  scintillation	  counter.	  	  A	  sample	  volume	  of	  1	  mL	  was	  collected	  and	  placed	  in	  a	  5-­‐mL	  liquid	  scintillation	  vial.	  	  The	  samples	  were	  then	  prepared	  with	  5	  mL	  Ultima	  Gold	  liquid	  scintillation	  cocktail	  and	  sealed.	  	  Each	  sample	  was	  mixed	  well	  on	  a	  Touch	  Mixer	  Model	  232	  for	  30	  seconds	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at	  speed	  8	  and	  allowed	  to	  settle	  for	  24	  hours	  before	  analysis.	  	  Spectrophotometer	  samples	  were	  collected	  at	  each	  sampling	  time	  in	  the	  same	  manner	  as	  in	  the	  previous	  batch	  experiment.	  Comparison	  of	  Phenanthrene	  Degradation	  by	  Permanganate	  Solution	  and	  Permanganate	  Candles	  	   A	  concurrent	  experiment	  was	  performed	  to	  determine	  whether	  permanganate	  candles	  or	  permanganate	  solution	  could	  mineralize	  14C-­‐phenanthrene.	  	  The	  500	  ug/L	  14C-­‐phenanthrene	  solution	  from	  the	  adsorption	  experiment	  was	  used	  in	  this	  experiment.	  	  Each	  25-­‐mL	  flask	  received	  25	  mL	  of	  500	  ug/L	  14C-­‐phenanthrene	  solution	  and	  was	  placed	  on	  the	  gyrotory	  shaker.	  	  Three	  flasks	  were	  “spiked”	  with	  20000000	  ug/L	  permanganate	  solution	  to	  reach	  a	  permanganate	  concentration	  of	  150	  mg/L.	  	  The	  other	  three	  flasks	  received	  a	  permanganate	  candle	  that	  had	  been	  washed	  for	  24	  h.	  	  Samples	  were	  collected	  prior	  to	  adding	  any	  permanganate	  at	  t	  =	  0	  min.	  	  The	  time	  sequence	  of	  sample	  collection	  then	  followed	  the	  sample	  collection	  times	  of	  the	  adsorption	  experiment.	  	  Samples	  were	  collected	  for	  HPLC,	  liquid	  scintillation,	  and	  spectrophotometer	  analysis	  using	  the	  same	  procedure	  as	  was	  used	  in	  the	  adsorption	  experiment.	  Syringe	  Experiments	  with	  a	  Mixed	  PAH	  Solution	  Degradation	  of	  PAHs	  by	  Permanganate	  Candle	  	   When	  the	  study	  was	  expanded	  to	  include	  more	  PAHs,	  it	  was	  necessary	  to	  use	  a	  volatilization	  controlled	  experiment	  because	  of	  the	  chemical	  properties	  these	  PAHs	  exhibit,	  including	  solubility	  and	  Henry’s	  Law	  constant.	  	  Volatilization	  was	  controlled	  using	  glass	  syringes	  that	  allowed	  for	  the	  elimination	  of	  head-­‐space.	  	  Syringe	  experiments	  were	  not	  conducted	  in	  triplicate	  because	  of	  the	  availability	  of	  100-­‐mL	  glass	  syringes	  and	  the	  expense	  of	  the	  mixed	  solution	  of	  16	  PAHs.	  	  A	  mixed	  solution	  of	  16	  PAHs	  was	  used,	  but	  only	  three	  of	  the	  sixteen	  PAHs	  were	  analyzed.	  	  Phenanthrene,	  pyrene,	  and	  benzo(a)pyrene	  were	  selected	  because	  of	  the	  sensitivity	  of	  the	  HPLC	  and	  the	  solubility	  of	  each	  PAH.	  	  These	  three	  PAHs	  also	  show	  an	  increasing	  number	  of	  benzene	  rings.	  	  The	  chemical	  properties	  are	  shown	  in	  Table	  2.	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Compound	   Molecular	  Weight	   Solubility	  (ug/L)	   Vapor	  	  Pressure	  	  (mm	  Hg)	  
Henry’s	  Law	  Constant	  (atm-­‐m3/mol)	  
Log(Kow)	   Log(Koc)	  
Phenanthrene	   178.20	   1200	   6.8	  x	  10-­‐4	   2.56	  x	  10-­‐5	   4.45	   4.15	  Pyrene	   202.30	   77	   2.5	  x	  10-­‐6	   1.14	  x	  10-­‐5	   4.88	   4.58	  Benzo(a)pyrene	   252.30	   2.3	   5.60	  x	  10-­‐9	   4.90	  x	  10-­‐7	   6.06	   6.74	  Table	  2.	  	  Chemical	  properties	  of	  selected	  PAHs.	  	   A	  mixed	  PAH	  solution	  of	  50	  ug/L	  was	  prepared	  from	  a	  stock	  solution	  of	  10000	  ug/L	  mixed	  PAHs	  with	  ultra	  pure	  water.	  	  Each	  100-­‐mL	  glass	  syringe	  received	  50	  mL	  of	  the	  50	  ug/L	  PAH	  solution	  and	  a	  small	  magnetic	  stir	  bar.	  	  Samples	  were	  collected	  for	  HPLC	  and	  spectrophotometer	  analysis	  at	  t	  =	  0	  min.	  	  A	  washed	  permanganate	  candle	  was	  then	  added	  to	  the	  treatment	  syringe,	  the	  syringes	  were	  sealed	  with	  the	  plunger,	  and	  placed	  in	  a	  metal	  bracket	  attached	  to	  Thermoclyne	  Cimaree	  2	  magnetic	  stir	  plates	  at	  7000	  revolutions	  per	  minute.	  	  Any	  head-­‐space	  was	  eliminated	  with	  the	  plunger	  to	  minimize	  the	  possibility	  of	  volatilization	  of	  the	  PAHs	  in	  the	  mixed	  solution.	  	  Samples	  were	  then	  collected	  through	  the	  septum	  of	  the	  100-­‐mL	  syringe	  with	  a	  1-­‐mL	  glass	  syringe	  to	  prevent	  the	  introduction	  of	  head-­‐space.	  	  The	  sampling	  time	  sequence	  was	  30,	  60,	  90,	  120,	  240	  min,	  24,	  and	  48	  h.	  	  PAH	  concentration	  was	  measured	  by	  HPLC.	  	  A	  sample	  volume	  of	  0.5	  mL	  was	  collected	  for	  HPLC	  analysis	  and	  added	  to	  0.5	  mL	  acetonitrile	  and	  0.2	  mL	  manganese	  sulfate	  (0.1	  g/L)	  or	  0.2	  mL	  ultra	  pure	  water	  for	  the	  control	  samples.	  	  The	  HPLC	  samples	  were	  centrifuged	  and	  analyzed	  by	  the	  procedure	  used	  in	  the	  batch	  experiments	  and	  described	  in	  the	  explanation	  of	  the	  HPLC	  methodology.	  	   An	  adsorption	  experiment	  was	  also	  conducted	  with	  plain	  paraffin	  wax	  candles.	  	  The	  experiment	  was	  carried	  out	  in	  the	  same	  manner	  as	  the	  PAH	  degradation	  experiment,	  except	  that	  a	  plain	  wax	  candle	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was	  used	  instead	  of	  a	  permanganate	  candle.	  	  Sampling	  and	  analysis	  followed	  the	  same	  time	  sequence	  and	  procedure.	  5.	  	  Mineralization	  Experiment	  	   A	  bioremediation	  batch	  experiment	  to	  quantify	  mineralization	  of	  phenanthrene	  was	  conducted	  after	  it	  was	  determined	  that	  permanganate	  candles	  were	  not	  able	  to	  mineralize	  phenanthrene	  or	  PAHs.	  	  A	  1000	  ug/L	  14C-­‐phenanthrene	  solution	  was	  prepared	  from	  phenanthrene	  stock	  solution	  and	  0.225	  mL	  14C-­‐phenanthrene	  stock	  solution,	  same	  dpm	  level	  as	  mentioned	  previously.	  	  Using	  14C-­‐phenanthrene	  allows	  determinations	  about	  mineralization	  to	  be	  made.	  	  The	  same	  glass	  syringes	  used	  in	  the	  PAH	  degradation	  experiment	  received	  100	  mL	  of	  1000	  ug/L	  14C-­‐phenanthrene	  solution,	  a	  small	  magnetic	  stir	  bar,	  and	  a	  washed	  permanganate	  candle.	  	  	  Over	  two	  weeks	  the	  phenanthrene	  solution	  was	  monitored	  for	  mineralization	  using	  HPLC,	  liquid	  scintillation,	  and	  UV	  spectrophotometer.	  	  Samples	  were	  collected	  for	  each	  analytical	  method	  in	  the	  same	  manner	  as	  in	  the	  syringe	  experiments.	  	  Quantification	  of	  the	  14C	  was	  done	  using	  liquid	  scintillation	  analysis.	  	  Sample	  volume	  for	  liquid	  scintillation	  analysis	  was	  0.5	  mL.	  	  A	  comparative	  study	  was	  performed	  to	  determine	  whether	  14CO2	  was	  staying	  in	  solution.	  	  At	  each	  time	  sequence,	  two	  0.5	  mL	  samples	  were	  collected.	  	  One	  was	  treated	  with	  0.2	  mL	  2.67	  N	  HNO3	  and	  gently	  shaken	  for	  10	  seconds.	  	  Each	  sample	  then	  received	  5	  mL	  liquid	  scintillation	  cocktail,	  was	  sealed,	  and	  mixed	  for	  30	  seconds	  on	  a	  Touch	  Mixer	  Model	  232	  Variable	  Speed	  at	  speed	  8.	  	  The	  samples	  were	  allowed	  to	  settle	  for	  24	  hours	  prior	  to	  analysis	  by	  liquid	  scintillation.	  	  Adding	  HNO3	  drives	  any	  14CO2	  out	  of	  solution.	  	  After	  two	  weeks,	  it	  became	  apparent	  that	  mineralization	  was	  not	  occurring	  because	  the	  amount	  of	  14C	  in	  solution	  remained	  constant	  regardless	  of	  whether	  the	  14CO2	  had	  been	  eliminated.	  	   The	  degraded	  14C-­‐phenanthrene	  solution	  was	  removed	  from	  the	  glass	  syringe	  at	  the	  end	  of	  two	  weeks	  and	  the	  solution	  was	  quenched	  and	  centrifuged	  to	  remove	  any	  permanganate	  or	  manganese	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dioxide	  from	  solution.	  	  Quenching	  of	  the	  14C	  degradation	  solution	  required	  6	  mL	  of	  manganese	  sulfate	  (0.1	  g/L).	  	  The	  quenched	  solution	  was	  then	  centrifuged	  for	  10	  min	  at	  4000	  revolutions	  per	  minute	  on	  a	  Sorvall	  T	  6000B	  centrifuge.	  	  A	  second	  centrifugation	  was	  required	  to	  get	  a	  clear	  supernatant,	  so	  the	  pink	  supernatant	  was	  placed	  in	  clean	  vials	  and	  centrifuged	  for	  5	  min	  at	  4000	  revolutions	  per	  minute.	  	   Three	  small	  jars	  were	  prepared	  for	  a	  bioremediation	  batch	  experiment	  with	  75	  g	  of	  urban	  soil.	  	  The	  moisture	  content	  of	  the	  soil	  was	  determined	  by	  weighing	  the	  soil	  before	  and	  after	  being	  in	  an	  Isotemp	  Oven	  Model	  630F	  at	  104*C	  overnight.	  	  The	  soil	  was	  then	  further	  dried	  in	  a	  desiccator	  until	  the	  moisture	  content	  was	  low	  enough	  that	  adding	  21	  mL	  of	  14C	  solution	  resulted	  in	  a	  soil	  moisture	  content	  of	  approximately	  30%.	  	  The	  moistened	  soil	  was	  mixed	  with	  a	  small	  spatula	  to	  incorporate	  the	  14C	  solution.	  	  To	  measure	  mineralization,	  open	  vials	  of	  5	  mL	  0.5	  N	  sodium	  hydroxide	  (NaOH)	  was	  suspended	  in	  each	  jar	  and	  sealed.	  	  The	  NaOH	  traps	  the	  14CO2	  as	  it	  is	  released	  from	  the	  soil	  environment.	  	  Each	  week	  for	  5	  weeks,	  samples	  were	  collected	  for	  liquid	  scintillation	  analysis.	  	  Sample	  volumes	  of	  1	  mL	  were	  collected	  from	  the	  NaOH	  vial	  and	  5	  mL	  liquid	  scintillation	  cocktail	  was	  added	  to	  the	  sample	  volume.	  	  The	  samples	  were	  sealed	  and	  mixed	  for	  30	  seconds	  on	  the	  Touch	  Mixer	  and	  allowed	  to	  settle	  for	  24	  hours	  before	  analysis.	  	  Every	  week	  a	  new	  NaOH	  vial	  would	  be	  suspended	  in	  the	  bioremediation	  jars	  so	  that	  weekly	  mineralization	  could	  be	  quantified.	  
Results	  1.	  	  PAH	  Degradation	  by	  Permanganate	  Batch	  Experiments	  with	  Phenanthrene	  Degradation	  by	  Permanganate	  Solution	  	   The	  HPLC	  data	  generated	  during	  this	  experiment	  showed	  that	  phenanthrene	  degradation	  rate	  (k)	  increases	  as	  permanganate	  concentration	  increases.	  	  Phenanthrene	  degradation	  increased	  with	  increasing	  permanganate	  concentrations	  (k	  =	  0.50	  h-­‐1,	  100	  mg/L	  MnO4-­‐;	  k	  =	  1.31	  h-­‐1,	  250	  mg/L	  MnO4-­‐;	  k	  =	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2.78	  h-­‐1,	  500	  mg/L	  MnO4-­‐).	  	  This	  experiment	  showed	  that	  phenanthene	  can	  be	  oxidized	  by	  the	  500	  mg/L	  MnO4-­‐	  solution	  so	  that	  only	  intermediate	  degradation	  products	  remain	  within	  2	  hours.	  	  Figure	  3.	  
	  Figure	  3.	  	  Degradation	  by	  Permanganate	  Solution	  Effect	  of	  Washed	  and	  Unwashed	  Permanganate	  Candles	  on	  Phenanthrene	  Degradation	  	   Changes	  in	  phenanthrene	  concentration	  through	  time	  showed	  that	  unwashed	  permanganate	  candles	  degrade	  phenanthrene	  faster	  than	  washed	  candles.	  	  The	  unwashed,	  freshly	  prepared	  permanganate	  candle	  was	  able	  to	  degrade	  phenanthrene	  at	  a	  rate	  of	  k	  =	  6.43	  x	  10-­‐2	  min-­‐1.	  	  The	  permanganate	  candle	  that	  was	  washed	  for	  24	  hours	  was	  able	  to	  degrade	  phenanthrene	  at	  a	  rate	  of	  k	  =	  1.52	  x	  10-­‐2	  min-­‐1.	  	  The	  unwashed	  candle	  degraded	  phenanthrene	  in	  90	  min,	  while	  the	  washed	  candle	  did	  not	  degrade	  phenanthrene	  within	  two	  hours.	  	  Figure	  4a.	  Analysis	  of	  changing	  permanganate	  concentration	  in	  solution	  through	  time	  showed	  a	  difference	  in	  permanganate	  release	  from	  the	  wax	  matrix	  for	  washed	  and	  unwashed	  candles.	  	  The	  freshly	  prepared	  permanganate	  candle	  can	  degrade	  phenanthrene	  at	  a	  faster	  rate	  than	  the	  washed	  candle	  because	  the	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permanganate	  in	  the	  wax	  matrix	  can	  diffuse	  into	  the	  surrounding	  solution	  faster.	  	  The	  permanganate	  in	  the	  washed	  candle	  has	  to	  diffuse	  out	  of	  the	  permanganate-­‐free	  wax	  that	  has	  developed	  during	  the	  24-­‐hour	  washing	  period.	  	  Once	  the	  permanganate	  diffuses	  through	  the	  wax,	  it	  can	  diffuse	  into	  solution	  and	  oxidize	  the	  phenanthrene	  in	  solution.	  	  Washed	  candles	  were	  used	  for	  all	  subsequent	  experiments	  because	  they	  ensure	  a	  more	  constant,	  slow-­‐release	  of	  permanganate	  rather	  than	  loading	  the	  system	  with	  permanganate	  immediately.	  	  The	  washed	  candle	  released	  permanganate	  at	  a	  slow,	  constant	  rate.	  	  The	  unwashed	  candle	  released	  permanganate	  at	  a	  faster,	  more	  variable	  rate.	  	  The	  difference	  in	  permanganate	  release	  from	  the	  wax	  matrix	  is	  shown	  in	  Figure	  4b.	  
	  Figure	  4a.	  	  Effect	  of	  Washed	  and	  Unwashed	  Permanganate	  Candles	  on	  Phenanthrene	  Degradation,	  Concentration	  of	  Phenanthrene	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  Figure	  4b.	  	  Effect	  of	  Washed	  and	  Unwashed	  Permanganate	  Candles	  on	  Phenanthrene	  Degradation,	  Concentration	  of	  Permanganate	  	  Phenanthrene	  Adsorption	  to	  Permanganate	  Candles	  	   Temporal	  changes	  in	  phenanthrene	  concentrations	  indicated	  that	  phenanthrene	  adsorbs	  to	  the	  wax	  matrix.	  	  Adsorption	  effectively	  removed	  phenanthrene	  from	  solution.	  	  Plain	  wax	  adsorbed	  phenanthrene	  at	  a	  rate	  of	  k	  =	  0.37	  h-­‐1;	  permanganate	  candle	  degraded	  phenanthrene	  at	  a	  rate	  of	  k	  =	  2.48	  h-­‐1.	  	  The	  phenanthrene	  degradation	  rate	  is	  greater	  than	  the	  rate	  in	  the	  previous	  experiment	  comparing	  the	  degradation	  of	  phenanthrene	  by	  unwashed	  and	  washed	  candles	  because	  the	  amount	  of	  phenanthrene	  in	  solution	  is	  less	  (500	  ug/L	  <	  1000	  ug/L),	  but	  the	  amount	  of	  permanganate	  was	  not	  changed.	  	  Again,	  the	  permanganate	  candle	  was	  able	  to	  degrade	  phenanthrene	  in	  2	  h.	  	  The	  plain	  wax	  candle	  did	  not	  remove	  all	  of	  the	  phananthrene	  from	  solution	  via	  adsorption	  after	  6	  h.	  	  Figure	  5a.	  	   Changes	  in	  14C-­‐concentrations	  showed	  that	  plain	  wax	  adsorbs	  14C-­‐phenanthrene	  at	  a	  rate	  of	  k	  =	  0.35	  h-­‐1.	  	  Analysis	  of	  the	  permanganate	  treated	  14C-­‐phenanthrene	  solution	  showed	  that	  14C-­‐phenanthrene	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is	  initially	  adsorbed	  to	  the	  wax	  matrix,	  but	  is	  then	  transformed	  to	  soluble	  intermediate	  degradation	  products.	  	  The	  degradation	  products	  are	  more	  polar	  than	  the	  parent	  PAH	  and	  no	  longer	  adsorb	  to	  the	  wax,	  but	  enter	  solution.	  	  Because	  of	  this	  transformation	  and	  release,	  a	  degradation	  rate	  could	  not	  be	  calculated	  using	  SigmaPlot	  12.0	  analytical	  software.	  	  In	  order	  to	  demonstrate	  mineralization	  of	  the	  14C-­‐phenanthrene	  by	  permanganate	  candles,	  the	  14C-­‐concentrations	  would	  have	  to	  exhibit	  exponential	  decay.	  	  Exponential	  decay	  would	  indicate	  a	  decrease	  in	  the	  amount	  of	  degradation	  products	  in	  solution	  as	  they	  are	  mineralized	  to	  water	  (H2O)	  and	  14C-­‐carbon	  dioxide	  (14CO2).	  	  Figure	  5b.	  	   The	  permanganate	  concentrations	  showed	  a	  steadily	  increasing	  permanganate	  concentration	  in	  solution	  as	  the	  permanganate	  diffused	  out	  of	  the	  wax	  matrix.	  	  This	  indicates	  that	  the	  permanganate	  candle	  is	  acting	  as	  a	  slow-­‐release	  oxidative	  treatment	  that	  gradually	  loads	  the	  system	  with	  oxidant.	  	  The	  permanganate	  concentration	  at	  the	  time	  of	  14C-­‐phenanthrene	  degradation	  (2	  h)	  was	  approximately	  900	  mg/L.	  	  Figure	  5c.	  
	  Figure	  5a.	  	  Phenanthrene	  Adsorption	  to	  Permanganate	  Candles,	  	  Concentration	  of	  Phenathrene	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  Figure	  5b.	  	  Phenanthrene	  Adsorption	  to	  Permanganate	  Candles,	  	  Concentration	  of	  14C	  	  
	  Figure	  5c.	  	  Phenanthrene	  Adsorption	  to	  Permanganate	  Candles,	  	  Concentration	  of	  Permanganate	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Comparison	  of	  Phenanthrene	  Degradation	  by	  Permanganate	  Solution	  and	  Permanganate	  Candles	  	   The	  phenanthrene	  concentration	  through	  time	  in	  this	  concurrent	  experiment	  showed	  that	  both	  permanganate	  delivery	  systems	  degrade	  phenanthrene.	  	  Permanganate	  candle	  degraded	  phenanthrene	  at	  a	  rate	  of	  k	  =	  2.90	  h-­‐1;	  permanganate	  solution	  (150	  mg/L)	  degraded	  phenanthrene	  at	  a	  rate	  of	  k	  =	  1.64	  h-­‐1.	  	  Permanganate	  candle	  degraded	  phenanthrene	  in	  2	  h	  and	  permanganate	  solution	  degraded	  phenanthrene	  in	  4	  h.	  	  Figure	  6a.	  	   Temporal	  changes	  in	  14C-­‐concentrations	  in	  the	  concurrent	  experiment	  showed	  that	  14C-­‐phenanthrene	  is	  not	  mineralized	  by	  treatment	  with	  permanganate,	  only	  degraded.	  	  The	  permanganate	  candle	  initially	  degraded	  the	  14C-­‐phenanthrene;	  permanganate	  solution	  slowly	  degraded	  the	  14C-­‐phenanthrene.	  	  The	  14C-­‐phenanthrene	  did	  not	  mineralize	  to	  water	  and	  14C-­‐carbon	  dioxide	  with	  either	  permanganate	  treatment,	  but	  remained	  in	  solution	  as	  soluble	  14C-­‐degradation	  products.	  	  Figure	  6b.	  	   The	  permanganate	  concentrations	  through	  time	  showed	  that	  concentration	  stays	  constant	  for	  the	  permanganate	  solution	  and	  increases	  steadily	  for	  permanganate	  candle	  treatment.	  	  The	  permanganate	  concentration	  at	  the	  time	  of	  degradation	  (2	  h)	  for	  permanganate	  candle	  treatment	  was	  1200	  mg/L;	  the	  concentration	  for	  permanganate	  solution	  was	  120	  mg/L.	  	  The	  concentrations	  of	  permanganate	  in	  this	  experiment	  and	  the	  adsorption	  experiment	  with	  permanganate	  candle	  treatment	  were	  comparable	  (1200	  mg/L	  and	  900	  mg/L,	  respectively),	  showing	  consistency	  in	  the	  diffusion	  of	  permanganate	  out	  of	  the	  wax	  matrix.	  	  Figure	  6c.	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  Figure	  6a.	  	  Comparison	  of	  Phenanthrene	  Degradation	  by	  Permanganate	  Solution	  and	  Permanganate	  Candles,	  Concentration	  of	  Phenanthrene	  	  
	  Figure	  6b.	  	  Comparison	  of	  Phenanthrene	  Degradation	  by	  Permanganate	  Solution	  and	  Permanganate	  Candles,	  Concentration	  of	  14C	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  Figure	  6c.	  	  Comparison	  of	  Phenanthrene	  Degradation	  by	  Permanganate	  Solution	  and	  Permanganate	  Candles,	  Concentration	  of	  Permanganate	  	  Syringe	  Experiments	  Degradation	  of	  PAHs	  by	  Permanganate	  Candles	  	   The	  concentration	  of	  PAHs	  through	  time	  showed	  that	  phenanthrene,	  pyrene,	  and	  benzo(a)pyrene	  can	  be	  degraded	  by	  slow-­‐release	  permanganate	  candles	  as	  well	  as	  adsorbed	  to	  the	  wax	  matrix.	  	  The	  concentration	  of	  the	  PAH	  solution	  (50	  ug/L)	  was	  less	  than	  the	  solubility	  of	  phenanthrene	  (1200	  ug/L)	  and	  pyrene	  (77	  ug/L),	  but	  greater	  than	  the	  solubility	  of	  benzo(a)pyrene	  (2.3	  ug/L).	  	  The	  variability	  of	  the	  PAH	  solubilities	  did	  not	  appear	  to	  effect	  the	  degradation	  of	  each	  compound.	  	  Phenanthrene	  degraded	  at	  a	  rate	  of	  k	  =	  4.54	  h-­‐1;	  pyrene	  degraded	  at	  a	  rate	  of	  k	  =	  1.28	  h-­‐1;	  and	  benzo(a)pyrene	  degraded	  at	  a	  rate	  of	  k	  =	  0.68	  h-­‐1.	  	  Phenanthrene	  adsorbed	  at	  a	  rate	  of	  k	  =	  0.19	  h-­‐1;	  pyrene	  adsorbed	  at	  a	  rate	  of	  k	  =	  0.16	  h-­‐1;	  benzo(a)pyrene	  adsorbed	  at	  a	  rate	  of	  k	  =	  0.09	  h-­‐1.	  	  Phenanthrene	  degraded	  in	  90	  min;	  pyrene	  degraded	  in	  4	  h;	  benzo(a)pyrene	  was	  still	  detectable	  at	  4	  h,	  but	  had	  degraded	  within	  24	  h.	  	  Each	  PAH	  analyzed	  had	  a	  different	  number	  of	  benzene	  rings.	  	  A	  pattern	  of	  decreasing	  degradation	  rate	  with	  increasing	  number	  of	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benzene	  rings	  emerged.	  	  Phenanthrene	  (3	  rings)	  degraded	  the	  fastest,	  followed	  by	  pyrene	  (4	  rings)	  and	  then	  benzo(a)pyrene	  (5	  rings).	  	  	   k3	  >	  k4	  >	  k5	  This	  pattern	  demonstrates	  the	  predicted	  increasing	  difficulty	  of	  oxidation	  with	  increasing	  number	  of	  benzene	  rings.	  	  A	  larger	  number	  of	  benzene	  rings	  results	  in	  a	  more	  difficult	  intermolecular	  interaction	  between	  the	  permanganate	  ion	  	  (MnO4-­‐)	  and	  the	  carbon	  double	  bonds	  of	  the	  PAHs.	  	  A	  similar	  pattern	  was	  not	  observed	  for	  adsorption	  rates.	  	  This	  data	  is	  summarized	  in	  Table	  3.	  	  Figure	  7.	  Compound	   Phenanthrene	   Pyrene	   Benzo(a)pyrene	  #	  Benzene	  Rings	   3	   4	   5	  Rate	  of	  	  Degradation	  (h-­‐1)	   4.54	   1.28	   0.68	  Rate	  of	  	  Adsorption	  (h-­‐1)	   0.19	   0.16	   0.09	  Time	  of	  	  Degradation	  (h)	   1.5	   4.0	   +4.0	  	   	   	   Table	  3.	  	  Summary	  of	  PAH	  degradation	  and	  adsorption	  data.	  	   A	  time	  series	  of	  the	  temporal	  changes	  in	  PAH	  concentrations	  from	  fluorescence	  detection	  shows	  all	  of	  the	  detectable	  PAHs	  in	  the	  mixed	  solution	  of	  16	  PAHs.	  	  The	  time	  series	  (0,	  2,	  and	  4	  h)	  shows	  that	  the	  concentration	  of	  each	  PAH	  is	  decreasing	  through	  time	  when	  treated	  with	  permanganate	  candles.	  	  Phenanthrene	  elutes	  at	  approximately	  12	  min,	  pyrene	  at	  14	  min,	  and	  benzo(a)pyrene	  at	  32	  min.	  	  Figure	  8.	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  Figure	  7.	  	  Degradation	  of	  PAHs	  by	  Permanganate	  Candles,	  	  Concentration	  of	  Phenanthrene,	  Pyrene,	  and	  Benzo(a)pyrene	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  Figure	  8.	  	  Degradation	  of	  Mixed	  PAHs	  by	  Permanganate	  Candles,	  	  HPLC	  Time	  Series	  	  2.	  	  Mineralization	  Experiment	  	   The	  14C-­‐phenanthrene	  concentrations	  over	  two	  weeks	  show	  that	  14C-­‐phenanthrene	  degraded	  at	  a	  rate	  of	  k	  =	  0.58	  h-­‐1	  and	  was	  not	  degraded	  in	  4	  h.	  	  The	  degradation	  rate	  of	  phenanthrene	  is	  less	  than	  the	  degradation	  rate	  of	  phenanthrene	  in	  the	  50	  ug/L	  PAH	  syringes	  experiment.	  	  This	  is	  because	  the	  concentration	  of	  phenanthrene	  is	  greater	  in	  this	  degradation	  experiment	  than	  the	  PAH	  syringe	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experiment	  (1000	  ug/L	  >	  50	  ug/L).	  	  In	  this	  experiment	  there	  is	  less	  permanganate	  per	  phenanthrene	  molecule	  available	  to	  oxidize	  the	  14C-­‐phenanthrene.	  	  Figure	  9a.	  	   The	  14C-­‐concentration	  in	  solution,	  when	  HNO3	  was	  used	  to	  drive	  14C-­‐carbon	  dioxide	  out	  of	  solution,	  showed	  that	  14C-­‐concentrations	  nearly	  matched	  when	  treated	  with	  permanganate	  candle	  and	  not	  treated	  with	  any	  permanganate	  in	  the	  control	  conditions.	  	  This	  indicates	  that	  mineralization	  of	  14C-­‐phenanthrene	  did	  not	  occur	  when	  treated	  solely	  with	  permanganate	  candle.	  	  A	  decrease	  in	  the	  amount	  of	  
14C	  in	  solution	  would	  have	  indicated	  that	  mineralization	  was	  occurring	  as	  14CO2	  escapes	  solution.	  	  Figure	  9b.	  
	   The	  permanganate	  concentration	  in	  solution	  through	  time	  showed	  that	  the	  permanganate	  
was	  diffusing	  out	  of	  the	  wax	  matrix	  in	  a	  similar	  manner	  as	  in	  the	  previous	  experiments.	  	  No	  graph-­‐	  should	  I	  even	  mention	  this?	  	   The	  14C-­‐concentration	  of	  the	  trapped	  14CO2	  showed	  that	  bioremediation	  with	  soil	  microorganisms	  mineralized	  the	  14C-­‐degradation	  intermediate	  products	  39.5%	  over	  5	  weeks.	  	  As	  native	  soil	  microorganisms	  utilize	  the	  14C-­‐degradates	  as	  an	  energy	  source,	  mineralization	  occurs	  as	  the	  microorganism	  respires.	  	  Cumulative	  mineralization	  could	  only	  ever	  reach	  50%	  because	  half	  of	  the	  carbon	  is	  used	  for	  growth	  and	  reproduction	  of	  the	  microorganism.	  	  The	  remaining	  50%	  is	  released	  by	  the	  microorganism	  as	  CO2.	  	  Cumulative	  mineralization	  may	  increase	  from	  39.5%	  if	  the	  bioremediation	  batch	  experiment	  were	  continued	  for	  a	  longer	  period	  of	  time.	  	  Figure	  10.	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  Figure	  9a.	  	  Degradation	  of	  Phenanthrene	  for	  Mineralization	  Experiment,	  	  Concentration	  of	  14C-­‐Phenanthrene	  	  
	  Figure	  9b.	  	  Degradation	  of	  Phenanthrene	  for	  Mineralization	  Experiment,	  	  Concentration	  of	  14C	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  Figure	  10.	  	  Cumulative	  Phenanthrene	  Mineralization	  
	  
Conclusion	  	   In	  conclusion,	  the	  batch,	  syringe,	  and	  bioremediation	  experiments	  detailed	  above	  show	  that	  the	  in-­‐situ	  application	  of	  slow-­‐release	  permanganate	  candles	  degrades	  polycyclic	  aromatic	  hydrocarbons	  by	  oxidizing	  them	  to	  soluble	  intermediate	  degradation	  products.	  	  These	  soluble	  degradates	  are	  then	  mineralized	  by	  native	  soil	  microorganisms.	  
Discussion	  	   Bench	  scale	  research	  into	  the	  degradation	  and	  mineralization	  of	  PAHs	  should	  be	  continued.	  	  My	  study	  only	  focused	  on	  three	  of	  the	  sixteen	  PAHs	  identified	  as	  priority	  chemicals	  by	  the	  United	  States	  Environmental	  Protection	  Agancy	  (U.S.	  EPA,	  2008).	  	  As	  of	  2007,	  benzo(a)pyrene	  has	  been	  identified	  
by	  the	  EPA	  as	  “a	  probable	  human	  carcinogen”	  (U.S.	  EPA,	  2007).	  	  Benzo(a)pyrene	  is	  only	  one	  of	  the	  16	  PAHs	  on	  the	  priority	  chemical	  list	  and	  it	  is	  likely	  that	  more	  of	  the	  PAHs	  are	  equally	  as	  carcinogenic.	  	  The	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degradation	  and	  mineralization	  of	  each	  PAH	  should	  be	  studied	  extensively	  so	  that	  effective	  contaminant	  remediation	  and	  mitigation	  management	  plans	  can	  be	  implemented	  in	  the	  interest	  of	  protecting	  human	  health.	  	  The	  molecular	  interactions	  of	  the	  PAHs	  in	  a	  mixed	  solution,	  such	  as	  the	  solution	  I	  used	  in	  the	  syringe	  experiments,	  should	  be	  studied	  to	  better	  understand	  what	  happens	  on	  a	  molecular	  level	  when	  these	  compounds	  occur	  together	  	   Pertaining	  to	  my	  research,	  further	  study	  could	  involve	  the	  identification	  of	  the	  intermediate	  degradation	  products	  identified	  generally	  by	  Guan	  et	  al.	  (2010)	  as	  benzoic	  acids,	  aldehydes,	  alcohols,	  and	  ketones.	  	  An	  additional	  component	  of	  a	  future	  study	  could	  involve	  identifying	  the	  exact	  oxidation	  mechanism	  occurring	  as	  the	  PAHs	  are	  transformed.	  	  Once	  these	  two	  components	  are	  identified,	  a	  more	  effective	  bioremediation	  system	  could	  be	  developed.	  	  Moving	  beyond	  a	  bench	  scale	  study,	  a	  study	  could	  be	  conducted	  to	  remediate	  urban	  runoff	  that	  could	  then	  be	  applied	  to	  a	  field	  scale	  study.	  	  Urban	  runoff	  samples	  could	  be	  collected,	  spiked	  with	  PAHs,	  and	  treated	  with	  a	  permanganate	  candle	  at	  the	  bench	  scale.	  	  The	  treated	  runoff	  water	  could	  then	  be	  applied	  to	  a	  bioremediation	  system,	  such	  as	  the	  one	  I	  used,	  or	  a	  more	  typical	  wastewater	  treatment	  bioremediation	  system,	  such	  as	  an	  anaerobic	  digester	  or	  a	  “sludge”	  system.	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